exercising small mammals and as much as 8-18 times basal metabolic rate (Butler et al. 1998; Videler 2005) . Moreover, migratory flight is an endurance exercise performed in a fasting state. Most species fly for hours and certain species even for days (e.g. 6.4-9.1 days for Limosa lapponica baueri; Gill et al. 2009 ). Since most bird species (except aerial feeders) do not feed or drink during endurance flight, they have to rely exclusively on body stores of energy and water. Hence, the organism has to cope with the rare combination of endurance exercise at a high metabolic rate while fasting.
Introduction
Bird flight is a locomotion performed at a high metabolic rate. Even at its minimum, the metabolic rate of flying birds during flapping flight is about twice the maximum rate of influence the composition of fuel types catabolized during flight.
Powering endurance flight Optimal fuel composition
Lipids meet most of the requirements of an optimal fuel. Their energy density is more than seven times higher than that of stored glycogen and protein (wet mass) and, therefore, the best solution to minimize extra costs of carrying weight. In terms of high-energy phosphate (e.g. ATP), fat from adipose tissue yields eight times more chemical energy than wet protein, and 8.2-10.3 times more than glycogen (Table 1 ; Jenni and Jenni-Eiermann 1998) . This is chiefly because fat stored in adipose tissue contains only about 5% water (Piersma and Lindström 1997) , compared with 70% or more for muscle tissue or stored glycogen. Another advantage of adipose tissue is its comparatively low maintenance costs (e.g. Scott and Evans 1992) .
However, there are a number of shortcomings of lipids as a fuel during flight. Lipids are not readily available at the onset of flight, but need some time to be mobilized from adipose tissue. With their low aqueous solubility, free fatty acids (FFAs) must be transported by soluble protein carriers at every step from adipose tissue to the mitochondria of the flight muscles. Lipid transport is likely to limit fatty acid oxidation in birds, as it does in mammals (Weber 1992; McWilliams et al. 2004 ). Finally, fatty acids cannot cover all of the needs (e.g. glucose for the central nervous system) and, therefore, a minimum amount of requirements needs to be met by glucose (either derived from glycogen stores or via gluconeogenesis from amino acids or glycerol) and protein. Also intermediates of the citric acid cycle where fatty acids are oxidized are constantly drained away and have to be replaced from carbohydrates or certain amino acids (anaplerotic flux; Dohm 1986; Sahlin et al. 1990 ). Therefore, the energy supplied by lipids needs to be complemented by a minimum amount of protein or carbohydrates.
Proteins have no special storage form. Apart from a small free amino acid pool, all proteins serve specific functions in the body. Therefore, an appreciable amount of protein catabolism inevitably results in functional loss. In birds, it was shown that proteins are catabolized as a complement to lipids for various reasons (Jenni and Jenni-Eiermann 1998) : to supplement endogenous protein turnover and repair (there is moderate flight-induced muscle damage; Guglielmo et al. 2001) , to provide gluconeogenic precursors to refill citric acid cycle intermediates (anaplerotic flux) for oxidation of fatty acids, and to provide water (see below). Finally, models suggest that by catabolizing flight muscles during endurance flight, the mass of the flight muscles could be constantly adapted to the decreasing body mass and energy needs as fuel stores are depleted (Pennycuick 1998) .
The optimal composition of fuel types for migratory endurance flight appears, therefore, to be a maximum of lipids and a minimum of protein; glycogen does not play a critical role (Rothe et al. 1987; Schwilch et al. 1996; JenniEiermann et al. 2002) . The question is how well can birds during their strenuous endurance flight maximize lipid use and minimize protein catabolism. While mammals and humans during strenuous endurance exercise usually run on carbohydrates and fat as major fuels, with negligible amounts of protein (Roberts et al. 1996) , endurance flight of birds can be fueled (at its extremes) with about 95% energy derived from lipids and about 5% derived from protein (Jenni and Jenni-Eiermann 1998) . This pattern is particularly interesting since endurance flight is performed at 60-85% of maximum respiratory rate, and even more when birds are loaded with fuel (Guglielmo et al. 2002) . Therefore, endurance flight of birds is fueled very differently from mammalian endurance running. However, there is a debate going on whether the high percentage of energy derived from carbohydrates during endurance exercise in humans is a consequence of the high-carbohydrate diet. After a ketogenic diet, humans are able to derive up to 90% of their energy from lipids (reviewed in Volek et al. 2015) .
Hence, diet composition influences the type of fuel used during exercise, at least in mammals. Moreover, the types of fatty acids seem to affect how well triglycerides can be oxidized. Some evidence suggests that migrant species increase the oxidative capacity of their flight muscles by "natural doping". This was discovered for the semipalmated sandpiper Calidris pusilla which doubles its body mass in preparation of their 3 days non-stop flight from Eastern Canada to South America by feeding on amphipods that contain high levels of n-3 polyunsaturated fatty acids (n-3 PUFA) Weber 2006, 2007) . The doping effect of n-3 PUFA is mediated by two processes: first, they are incorporated in membrane phospholipids affecting (among other) the local molecular environment which affects key membrane proteins of oxidative metabolism. Second, they bind to peroxisome proliferator-activated receptors (PPARs) that activate genes regulating lipid metabolism (summarized in Weber 2009). However, not all migrants, especially passerine landbirds, have access to n-3 PUFA and the proof that an enrichment of fat stores and membranes with n-3 PUFA and the resulting increases in the activity of the enzymes improve exercise performance is still missing (Guglielmo 2010) .
Free fatty acid supply during flight and its constraints
In contrast to mammals which derive most of lipids and glycogen from stores within muscle cells (Weber et al. 1996a, b) , birds store negligible amounts of fuel within the working muscles (Bauchinger and Biebach 2001) . Therefore, bird flight is fueled via the circulatory system from stores outside the flight muscles. Since fatty acids from adipose tissues reach their steady-state contribution after about 1-2 h of flight and proteins after 4-5 h only, at the onset of flight, intramuscular and hepatic carbohydrates are mainly used (Rothe et al. 1987; Schwilch et al. 1996; JenniEiermann et al. 2002; Gerson and Guglielmo 2013) . Fatty acid supply may be constrained by the enzymatic system of mobilization, proteins transporting fatty acids in the blood stream and cytoplasm, and translocation across cell membranes (Weber 1992) . Many aspects of fuel supply to the working muscles have not yet been studied in birds. However, several avian adaptations are known. In general, the supply of fatty acids is not constrained by adipocyte mobilizations or by mitochondrial oxidation capacity, but rather by perfusion limitations in adipose tissue, circulatory transport and sarcolemmal uptake (Vock et al. 1996; McWilliams et al. 2004) . Although these constrain lipid use in mammals, birds seem to have evolved special mechanisms to overcome these limitations.
Fatty acid transport in the blood
Triglycerides stored in adipocytes need to be hydrolyzed into FFAs and glycerol, to be released into the blood.
The rate of lipolysis in adipose tissue apparently does not limit the supply of fatty acids, because a large fraction of the fatty acids does not even leave the adipocyte and is reesterified (Wolfe et al. 1990 ). Circulatory transport capacity seems to be elevated in birds during endurance flight by several means. Whether an increase in heart size (as shown in several species; Bishop et al. 1996; Piersma et al. 1996 Piersma et al. , 1999 Guglielmo and Williams 2003) , which may increase cardiac output, facilitates fatty acid transport remains to be shown. The flight muscles of long-distance migrants have a higher capillary density than those of partial migrants and sedentary species and are thus well prepared to supply oxygen and fuel at maximum rates (Lundgren and Kiessling 1988; Bishop et al. 1995; Maillet and Weber 2007) .
FFAs are insoluble in the blood and are thus transported bound to albumin. It is unlikely that albumin concentration can be increased sufficiently, because of limitations set by blood viscosity and plasma osmotic pressure. Indeed, plasma albumin decreased during flight in pigeons (George and John 1993) .
In small passerines, surprisingly elevated concentrations of triglycerides bound in very low density lipoproteins (VLDL) were measured during the catabolic endurance flight Jenni 1991, 1992) . It was suggested that apart from flight muscles, FFAs would also be taken up by the liver with its high lipid-processing capacity (Fig. 1) . This would enable plasma albumin to transport Fig. 1 The pathways for conversion of stored lipids (triglycerides, TG) to forms that can be transported to the flight muscles. Due to constraint on the density of FFAs bound to albumin carried by the blood and the high metabolic demands of migratory flights, very low density lipoproteins (VLDL) synthesized in the liver are also used by small passerine birds to transport lipids to the flight muscles 1 3 more FFAs per unit time. FFAs taken up by the liver would be re-esterified to triglycerides and released into the plasma in the form of VLDL, a metabolic pathway known from other physiological contexts. This conversion would allow fluxes of large amounts of fatty acids to the flight muscles without a large burden on the plasma and would circumvent the limitations set by albumin to FFA transport.
Fatty acid transport into the muscle and oxidation
The supply of FFAs may also be constrained by other steps in the transport system, e.g. into the cell and across the cell membranes (Weber 1992) . In birds, however, high concentrations of heart-type fatty acid-binding protein on the membranes of the muscles (FAT/CD36 and FABPpm) and in the cytosol (H-FABP) were found and they were further upregulated during the migratory seasons (Guglielmo et al. 1998 (Guglielmo et al. , 2002 Pelsers et al. 1999; McFarlan et al. 2009 ). In the flight muscle of a typical migrant (Calidris mauri) the H-FABP concentration was about tenfold higher than in mammalian muscles and 70% higher than outside the migration period (Guglielmo et al. 1998 (Guglielmo et al. , 2002 Guglielmo 2010) , thus enabling a high FFA transport into the muscles. In addition, the oxidative capacity of the flight muscles of migrant birds is higher than in sedentary species (Bishop et al. 1995; Driedzic et al. 1993 ) and upregulated during the migration period (Guglielmo et al. 2002; Maillet and Weber 2007; McWilliams et al. 2004; Zhang et al. 2015) .
Does diet push maximal lipid use?
As discussed above, migrating birds show remarkable adaptations to push lipid mobilization, FFA transport, and oxidation during flight to a maximum. However, the lipoprotein shuttle enabling a maximal fatty acid supply to the muscles has not been observed in species sampled under experimental flight conditions (homeing pigeon: Schwilch et al. 1996 Bairlein et al. 2015) . A possible explanation for the contradictory results might be the differing diet composition free-living and captive birds were feeding on in preparation of the flight. For humans it was shown that ultra-endurance runners adapted to a ketogenic diet (<20% carbohydrate and > 60% lipids) derived up to 88% of the energy from fat (Volek et al. 2016 (Volek et al. , 2015 ; for more literature see). Also in untrained men adapted to a fat-rich diet, VLDL-triglycerides made a significant contribution to fuel utilization during exercise and increased fat oxidation (Helge et al. 2001) . In contrast, nonketo-adapted trained cyclists derived only a third to half of their energy from fat (Volek et al. 2015) .
Can these findings be transferred to migrants? For many free-ranging migrant species it is known that they switchin preparation of migration-from an insect to a fruit diet, hence to a fat-and carbohydrate-rich diet thereby facilitating premigratory fattening Jenni 1996, 2003 ; for discussion see). During autumn migration, Palearctic species feed extensively on fruits such as Cornus sanguinea, Hedera helix, Laurus nobilis, Olea europaea Pistacia lentiscus, Sambucus racemosa, Viburnum tinus or Viscum cruciatum with fat contents ranging between 14 and 61% (Debussche et al. 1987; Herrera 1987; Izhaki and Safriel 1989) . In spite of the high fat content, this diet still contains a mean of 38% carbohydrate and is not equivalent to the ketogenic diet used in the studies with humans (Debussche et al. 1987; Herrera 1987) . However, another explanation might be that not only the percentage of total fat, but also the composition of the dietary fatty acid affects the lipoprotein shuttle. Experimental studies with migrant birds support the hypothesis that unsaturated and short fatty acids affect exercise via their increased transport rates and increased supply to flight muscles (Pierce et al. 2005; Price and Guglielmo 2009 ; for review see; Price 2010). However, whether this is in line with an increased fatty acid transport in the plasma via VLDL was not measured.
Water supply during endurance flight
Water may limit endurance flight (Carmi et al. 1992; Klaassen 1996) . Birds during experimental flight have been estimated to be sensitive to dehydration in ambient temperatures above about 20 °C (Giladi and Pinshow 1999; Engel et al. 2006 ). However, birds flying readily over the Sahara under quite unexpected ambient conditions (mean 30 °C, 27% relative humidity) show that current estimates must be refined (Schmaljohann et al. 2008) . Birds incurring dehydration during flight may alleviate or compensate water loss by shifting the composition of fuel types from lipids to more protein which produces 5.9 times more water than an isocaloric amount of lipids (Table 1; Jenni and Jenni-Eiermann 1998 ). An increase in protein catabolism has indeed been demonstrated in water-restricted Swainson's thrushes (Gerson and Guglielmo 2011a, b) . Migrants caught in the Sahara with emaciated flight muscles and ample lipid stores also hint on such a mechanism (Salewski et al. 2009 , supporting information).
Recovery after flight and preparation for the next flight bout
After flight, the metabolism of a migratory bird has to change from a fasting, highly active state to a fasting resting state. At the same time the metabolism of a migratory bird has to be prepared for (1) the possibility that the fasting state will proceed if no food is available at the stopover site, (2) burst flights to escape predators or to hunt mobile prey such as insects, and (3) the next migratory flight, independent of whether the bird was able to refuel or not. Therefore, if there is no food available, migratory birds during post-flight recovery should save the remaining body energy reserves as much as possible for the purpose of points a and c and refill muscle glycogen for burst and takeoff flights, as indicated in point b, because these are fueled via anaerobic catabolism of glycogen (George and Berger 1966) .
What does this mean metabolically? First of all, lipolysis and proteolysis have to be reduced to adapt the energetic needs to the decreased metabolic rate and to save fuel. Second, metabolic pathways have to be favored which spare glucose for the maintenance and/or replenishment of glycogen stores to keep blood glucose level constant and to enable quick takeoff flights.
Adaptation to the reduced resting metabolism: reduction of lipolysis and proteolysis
In free-living small passerines, the first response to the lowered metabolic rate is an increase of plasma FFAs within the first 20 min postflight and an abrupt decrease thereafter Jenni 1991, 2001) . Plasma FFAs are regarded as being proportional to fatty acid release and oxidation and as an indicator of lipolysis (Hurley et al. 1986; Wolfe et al. 1990 ). The reduced energy demand of the resting muscles leads to the observed overshoot. Apparently, the surplus of FFAs released postflight seems to be reesterified, since triglyceride concentration remains stable and at high levels for about 1.5 h postflight. Hence, postflight, without the possibility to feed, lipolysis continues, although at a reduced level, to meet the energy demands of the resting bird. Findings in homeing pigeons support these results; FFAs were decreased 30 min post-flight but did not reach control values within 60 min after recovery while triglyceride concentrations remained stable or even increased (Schwilch et al. 1996) .
During recovery, the increased plasma FFA concentration also has the function to reduce whole-body glucose utilization. The provision of FFAs to the muscles decreases the uptake and oxidation of glucose Hargreaves et al. 1991) . Blood glucose seems to be an important precursor of restoring muscle glycogen after intense exercise together with other metabolites such as lactate, pyruvate, alanine, or glycerol (Peters Futre et al. 1987; Bräu et al. 1999) . Hence, FFAs could contribute to increase the availability of glucose for glycogenesis during the beginning of the recovery. However, no measurements of glycogen content are available in birds after endurance exercise. Electrically stimulated flight muscles of pigeons showed a refined pattern (Parker and George 1975) . Glycogen in white, but not red, muscle fibers is depleted after 1 h but replenished after 18 h of stimulation, while many red fibers became glycogen depleted by then. Hence, it remains speculative whether birds use up all glycogen stores during migratory flights and whether glycogen is replenished postexercise.
Postexercise ketosis
A special phenomenon in small passerines after endurance exercise is the ketogenesis starting 20 min after stopping flight Jenni 1991, 2001) . Plasma ß-hydroxy-butyrate concentrations approximately doubled and remained at this high level for up to 10 h (Jenni-Eiermann and Jenni 2001). Postexercise ketosis was described for untrained humans immediately after exercise and remaining at high concentrations for about 90 min (Koeslag 1982) . Ketogenesis proceeds at a rapid rate, when liver glycogen is depleted and plasma glucagon elevated. FFAs deliver the carbon skeletons necessary for ketogenesis (Carlson et al. 1971; Beattie and Winder 1985; Mitchell at al. 1995) . No postexercise ketosis was observed in trained humans (Johnson et al. 1969; Carlson et al. 1971; Féry and Balasse 1983; Dohm et al. 1986 ), trained or untrained rats (Beattie and Winder 1985) and homing pigeons (Schwilch et al. 1996) . The question why a migrant bird, which can be assumed to be trained, shows-with a time lag of 20 minpostexercise ketosis arises.
Elevated ketone bodies have three major effects during fasting. First, they inhibit lipolysis (Féry et al. 1996) and, as a result, help to save the main body energy stores that are needed to continue migration. Second, ketone bodies reduce proteolysis (Féry et al. 1996) . A protection of protein spares muscle and organ mass and maintains their function. This hypothesis is supported by the finding that plasma uric acid, the main end product of protein catabolism in birds and an indicator of proteolysis (e.g. Robin et al. 1987; Lindgård et al. 1992) , is reduced with the onset of ketosis (Jenni-Eiermann and Jenni 2001) . Third, ketone bodies replace glucose during fasting (Féry et al. 1996) . During fasting, elevated levels of ß-hydroxybutyrate (ß-OHB), like high FFA levels, exert a suppressive action on gluconeogenesis and maintain glucose concentrations at low levels. ß-OHB also inhibits muscle glycolysis and thereby increases glucose availability for muscle glycogen replenishment (Féry and Balasse 1983) . All three functions attributed to high ß-OHB levels are important for a migratory bird to continue migration and to conserve glycogen stores. However, the question whether the observed ketosis is an adaptation specific to the recovery phase after endurance flight remains open and is still to be investigated.
Role of migration strategy
In birds, it is expected that the optimum ratio of fat to protein stored before, and used during, migratory flight primarily depends on the migration strategy (in particular on the length of non-stop flights) and the risk of dehydration during flight. The higher the need to carry large fuel stores and the lower the risk of dehydration, the better should the organism be tuned for high lipid utilization.
However, there are two potential reasons for not maximizing fat utilization in birds. The first is that maximizing the contribution of energy derived from fat entails initial costs when setting up the machinery of fatty acid transport and oxidation (see discussion in Jenni and Jenni-Eiermann 1998) . Therefore, for short-term flights there is probably no advantage to tune the metabolism to a maximum of lipid utilization. A substantial contribution of protein or glycogen might be the cheaper solution. Second, compared with lipids, the catabolism of isocaloric amounts of protein yields more metabolic water (see below, Table 1 ). Therefore, birds flying in conditions of excessive water loss may alleviate water stress by increasing the contribution of energy derived from protein. Indeed, fasting birds at rest have been shown to burn more protein when water stressed (Gerson and Guglielmo 2011b) . In summary, the longer the non-stop flight bouts and the higher the risk of dehydration during flight, the larger should be the fuel stores and the better the organism's adaptation to lipid utilization.
